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SUPERCONDUCTING MAGNET SYSTEM FOR A 750 GeV MUON SPECTROMETER

Stefan L. Wipf
Los Alamos Scientific Laboratory; MS 764
Los Alamos, NM 87545

A spectrometer to measure deep inelastic muon
scattering needs a uniform magr«tic field, in an unob=-
structed space of 0,8 x 0.8 x 6. m, of 2 T vertical and
transverse to the long direct.un, Qutside the field
space is an iron shield used fc, identifying and count-
ing of muons, for reducticn of .truy flux, for improving
field homogeneity and »lso fcr cntainment of magnetic
forces. The magnet is compose! of 6 m long units. Each
unit is assembled by stacking “4 largely identical sub-
units., Each subunit is wow " a8 a flat pancake on a
window irame 1.7 x 6 m and be ' into the required saddle
shape. Cooling 1is by cir-ulating two-phase helium

through copper pipes attac' «d to the subunits; heat
transport within windings .x through solid contact.
Operating current, at 2 kA, '3 below the full stability

limit, Half the magnetic firces are contained by cold
tension struts connecting ! . ¢ two sides of the coil at
top and hottom, the other ':21f by supports between the
center of tne windings and .ie warm iron shield.

I. Introductjion

Purpose and specifica-lons. The proposed spectro-
meter is to be used for mcasurement of momenta of inci-

dent and scattered muons .nd angles between them,! The
long target, 5 em x S5 = x 50 m of beryllium, liquid
hydrogen or deuterium, equires a long spectrometer
field. The aspect rati: can be small because, due to

high energies, scatteri-; angles and curvature of par-
ticle tracks ire small, Particle tracks are recorded
with time projection ct.ubers (TPC) located in the air
gap every 0.8 m in tr: leng direction, The TPC need
fields of high homoge ~ity (+ 2%) over their volume;
their precision is suci. that a 2 T field is sufficient,
The 1iron yoke is needed primari’y as a muon identifier,
The availability of s itavle iron plates determines the
choice of the field ¢ >33 section as 0.8 x 0.8 m, The
spectrometer operates n i de mede, but it 14 desirable
occasionally to reverss the polarity from + 2T to =2T in
order to average syat.alie errors,
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Pla. 1. CUTAWAY V FW OF MAONET) JUNCTION Ok TWO 6 m UNITS
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General requirement. The magnet must operate very
reliably and be economical in construction and opera-
tion,

Design principles. A modular design with self-
contained units of 6 m length allows off-site construc-
tion and transport of the magnets and does not give too
many interruptions of the field by the saddle crossings,
provided these use a minimum of 1longitudinal space,
Each of ten 6 m units stores 9 MJ of magnetic energy at
an operating current of 2 kA. Operation is below the
full stability limit (i.e, minimum proparating zone 1is
infinite, or cold-end recovery is possible)., The wind-
ings are not potted, and indirect cooling of the super-
conduztor by heat conduction through solid contact in
vacuo avoids the necessity of an inner vacuum sheil, An
inner vacuum shell is a source of leaks impairing opera-
tion reliability and adds %o the construction costs,
Heat transpor* through solid contact has never been used
in this manner; the missing experience must be replaced
by careful verification tests, Should solid contact
prove unreliable, an inner thin-walled vacuum shell
filled with 1liquid or supercritical helium could be
added without further alternatinas.

II. Construction
Assembly, The assembly of the coils is i{llustrated

by Fig. 2 and described as follows.

|
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1) 22 turns of square oross section wire are wound as a
flat pancake onto a window frame coil form. The oaoil
form of high ecnduotivity copper sheet (1.9 mm thick) is
in two halves, connected by G=-10 plates at the middle of
the narrew ends, to avoid unnecessary eddy currents;
(copper cooling tubes of triangular profile are attached
to the inner edges (see insert Fig, 2 and (b) in Fig.
3). Half the coils are wound cloockwise, the other half
antiolockwise,

11) The coils are bent around a 10 cm radius to an
angle of 70°, The angle is given by the exact dimen-
sions of wire, insulation and co;l form: cosa = d/{idb),
where d! = 4[2b? + Db(ub'-a"™)'""]; d is the vertiocal
translation in the stack from one coil to the next, and
a and h are dimensions indicated in Fig. 2.

i1} Alternate olook- and’ anticlockwise coils are
staokad, using suitable insulation betwesn colls, in
addition to the wrapped insulation on the oconductor. At
the bottom anu top of the staack are some coils with
fewer turns, having the same inside dimensions (bottom)
or outside dimensions (top, with round cooling tubes).
iv) The stacks are combined with the aluminum pressure
plate (a) to which the outer set of triangular cooling
tubes is attached (b). Clamps in the form of 1/4" thick
G-10 strips are applied every 20 om of the length of the
pressure plate, The original ourvature of the G-10
strips provides a siight pressure on the assembled ocoil
and keeps the indings in place against gravity.

Electrical connections,
connected at the middle of one of the crossings. All
the vop and all the bottcm szddle coil: are connected in
series between the units by means of an extra half turn
located in the outermost pancake. '

The pancake coils are

Cooling circuits, The inner and outer cooling tubes
are connected in paral’sl so as to form 8 separate cir-
cuits for each 6 m urit, The corresponding sets are
connected between all units in series. Two refriger-
ators each operate into 4 of the resulting 8 circuits.
During cold operation the 4 cirouits are in series. For
cooldown all circuits run in parallei, the coolant flow-
ing in the same direction, driving a ccld front from the
reftigerators to the warm end and returning through a
separate line outside the oryoatats.

Fifty layers of superinsulation at 20 layers/cm and
a copper shield (e¢) at 70 = 100 K keep the hrat leak at
W K to sbout 6 W per 6 m unit. A further 5 W come
through the warm supports (e),

IlT. Forces

Lerentz forcea, At 2 T the total force of the wind-
ings onto the preasure plate is 1.9 MN per m length.
. allf the forcn is transmitted via cold tension members
(g), located every 40 cm at top and bottom, to the
opposite prensure piate, Tensinn members are of staln-
less steel, carrving 0.16 MN each: thelr T-shaped ends
fit into sloty of iLhe preasure plate. The other half of
the force {s tranamitled through center supporta (3) to
room temperaturr and i3 the ircn yoke to the opposite
supports. These suppuirts, In aets of 36 cm lemgth, ench
oarrying 0,32 HN, conal:t of 0 eqinlly spaced preasure
posts of e=poxy glass-fiber (G-10) connected by tenalon
members of atainlans steal sheet to proasure members of
G=10 plales, The wnrm aupports start operating at cur-
rents >80 A, when the eenter deformation of the
pressura platen renchrs 7 mm,

Gravity and fron_aitraction. The waight of the cold
mass of 6 tons {8 to he carried by 7 stainless steel
bands, spaced BO em, running from the hottom of the
preasure plate to the top of tha nuter vacuum shall.
Centaring within the iron ynkes 1is achieved by hori-
zontn! atainlesy steel wirea (h) located in the ame
tubra as the cvold tensaion members, The apring conatant
of all 60 wirea s 50 m/N («0.5 mm/ton), conaldared
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CRO33 SECTION OF WINDING QUADHANT, INCLUDINA CRYQSTAT

sdequatesy atiff, Vertical upward movement {3
restrained by 7 wires from top of pressure plate to
bottom of vacuum shell.

Vacuum foroces. The walls of the vacuum shell (f)
are too thin to support the bending moment of the vacuum
forces unaided, [Inner aadd ouler wall are Kept apart by
warm G-10 pressure struts (d), every 40 cm, carrying 40
kN each, These struts have an H-profile to prevent
buckling; situated between the main supports, in wide
enough ohannels through the middle of the pressure
plates, they do not tnuch any struocture at U4 K.

IV, Stuhility ¢ operation

Conductor, The conductor conafuts of 16 wires,
each 0.635 mm A{ameter, with 360 NbTi filments and a
copper to superconductor ratio nf 1.8, cabled around a
squara Cu corc of 2 mm side. Two layers of copper wire,

or a g0lid aopnrr mantel, give a final ajze of 5,7 mm

aides and an ovarall copper to superconductor ratio of
16:1, The whole (s coated with pure indium. The
franlet"on in 1 or 2 mil Kapton, Nomex, Taflon, Mylar:

the choice depending on the hest performance with regard

to contact heat tranafer (to be detarmined), Short
sample current at 2 T and N K {8 6 kA.
Stability cf superconducting operation.  There i3

&labal "{or Gnconditfonal) atability If joule henting in
the normal atate doea not mxceed looml cooling into the
coolant. At the limit of global stability the minimum
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WHOLE WINDING
DIFPERENT GEOMETRIES OF MINIMUM PROFAGATING ZONES

recovery zone (MRZ) is zero 2 {(also called
lateral recovery). At higher currents stability is
still acceptable and recovery Is nossihble provided a
zone larger than the MRZ is kept superconducting. The
1imit is reached when both MRZ and minimum propagating
zone (MPZ) are infinite; this is called full stability
1imit (also cold-end recovery limit), Beyond the full
stability limit the MPZ is finite, and stability is only
sufficient if disturbances are correspondingly small.

limit of

There are 3 geometries of MPZ to be considered, as
{llustrated in Fig. 4.
a) Single conductor, If it is in cooled contact on all
four sides it has global stability to 2,2 kA and full
stability to 2.9 kA, The stability parameters zwe3
= 1,3 and £ = 0,22. However, if only one side is irl
cooled contact the global stability limit is at .26 kA
and full stability at 1,7 kKA and at 2 kA the MPZ is 1Y
em long (£, = 0,325 £, = 0.055), This means that
sinple condlictors such as current leads between coils
must be cooled on more than one side; any one sided
cooling over a distance longer than the MPZ cannot be
tolerated,
b) Single pancake, Limit of global stability is at 1.7
kA, full stability at 2,16 k& (&, = 0,687 L = 0,12).
This case reflects the stability o‘}‘ the whole coil under
normal operating conditions.
¢) Cooling into whole winding (coolant mt active), The
MP7Z i3 always finite.% At 2 kA the MPZ, cigar-shaped,
13 3 cm iong and has a central diamelrr of Y em, {,e,
it is equivalent to two neighboring conductors being
normal for a lenpth of 21 om, Thr energy required Lo
produce such a normal zone {8 0,15 J. This cane repre~
sentd the situation after a total cooling hreakdown,

About disturbances. The windinga are not potted,
They can adjust to elastic defermation while the enil {s
being energized, The ri{sk of large movement at high
current {3 amall,

Heat tranaport,  The thermal conductivity of the
condurtor will be ky = ko o= 10 Wem K. The {naulation
has s 1 mh/em K and“$hickneas d = 0,1 mm. The
heat “r.nmport throw h the {nsulaticn into the copper
coil form {3 represented by a heat tranafer coefficient

z k/d = 0.0 WemtK, I heat transport from turn to
t&a :1 c*on'alivrml an effective thermal conduetivity

H d )/ 4 = 50 mW/em K {a active,
I\hnvn qé (;11"8”" 1m11‘|m.n v-m;‘q)rnl.\tvd by assuming thot
20% of asurfaces are {in pood contact with each other and
without thermal econtpct reaistance; the other BU% do not
contuet any heat at nall, Thus, the valuea used above
for thermal conduntion are h = 20 mWem'K and k, = 10

mW/ em K, ina

Proponed correlation for heat tranafer by contact
between aolida tn vacuo wugpest 5

Ca/Zhk"W/AM
with € thermal conductanee (WK); a surface quality,
e,.n. wurface rouphness (m) / mean gurface slope
(radian); W load (N); 4 mominal contact aren (m'); &
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thermal conductivity (W/m K), harmonic mean between two
different materials; M = 3 x yield strength (Pa). Such
a correlation produces very nearly the same result as
the above 20% assumption. Pure indium coating is expec-
ted to improve heat contact because of its low yield
strength. Experirental determination is necessary.

V. Cost estimate and further detail

The cost for a 6 m unit, including cryostat, 1is
estimated as 540 k$. This includ»s conductor cost of
150 k$, other material costs of 15 k$, labor 95 k$,

engineering and contingencies 80 %$. A comparison with
1979 prices ® of coils of similar geometry is given .n
Fig, 5 where the weight of a large number of other cc.ils
is also entered, demonstrating the well known t.end
(=E-%%) of increased efficiency towards higher
energles.?
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Further detall on the above tonics and also on eddy
current and cooling losses are found in ref, 1 and in
the following table,

TABLY OF DATA (ror 6m unit, unless speified otherwise)

fllament eritical current denalty (27) 330 kA/cn?
oparating current 2 KA

turns 796
inductance 4,312 H
averiy, conductor current donsity 6.15 kA/cm?
winding + prassure plate cross vectlorn 812 em?
ovarnrll r:urn.-m. density 2 KA/em?
quench cur-»nt, estima‘ed 2.9 kA

Refrligery: power conaumption for ail 10 unnn Jpprox,
de operation (no addy current lossea) 65 kW
malntaining A K {eryostat 1nas only) A0 kW

lengtn of c¢ooling clreult (all 10 unitu) 82,4 m

flow cross aection, eacn elrcull 7 cm?*

mintmum coolant flow, total 6 v/
flow apeed, as Zas: S0 em/n; as liqulid: 7 em/n
heltum Lyventory 4y 1
thermal contra tlon, RT to 4K 2 em
20ld naas 6200 K
outer vacuum shell 2600 K

VI, Concluatian
A conceptual design study of a 90 MJ magnet for use
in high energy physles exneriments has been presented,

FModular conatriastion aimp ifies manuf acturing, Indirect
cooling by hent transfer through sol i{d contact requires
verificat.fon atudies, Chief advantage of this cooling

method {3 a simpler cryostat; penalty {8 a higher
svpereonductor price,  The operating current, nt 33% of
Jhort gample eritical current, 1s slightly below the

full stability limit,
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